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A B S T R A C T
Background: Vector ﬂow mapping (VFM) is a novel echocardiographic technology which enables
visualization of the intraventricular ﬂow velocity vector. Dissipative energy loss (EL) derived from the
velocity vector ﬁeld of intraventricular blood ﬂow is considered to reﬂect the efﬁciency of blood ﬂow, and
could be an indicator of left ventricular function. We aimed to determine the reference values of the EL
derived from VFM within the left ventricle.
Methods: VFM analysis was performed using echocardiography in 64 healthy children. The velocity
vector ﬁelds of the intra-left ventricular blood ﬂow were obtained from the apical 5-chamber view, and
the EL values during systole and diastole were calculated. The measurements were averaged over three
cardiac cycles, and indexed to body surface area (BSA).
Results: The mean subject age was 6.8  4.3 years. The mean EL was 4.10  2.35 mW/m/m2 BSA during
systole and 16.24  11.63 mW/m/m2 BSA during diastole. On multivariate analysis, age and heart rate (HR)
were independent predictors of systolic EL, whereas age, HR, and E wave peak velocity were independent
predictors of diastolic EL. The regression equations used to predict the BSA-indexed systolic and diastolic EL
were as follows: log10 (systolic EL) = 0.0332  0.00213  age (months) + 0.00789  HR (beats/min)
(adjusted R2, 0.833; p < 0.0001); and log10 (diastolic EL) = 0.277  0.00346  age (months) + 0.00570  HR
HR (beats/min) + 0.00564  E wave peak velocity (cm/s) (adjusted R2, 0.867; p < 0.0001).
Conclusions: The systolic and diastolic EL were positively correlated with HR and negatively correlated
with age. Moreover, the diastolic EL was positively correlated with the E wave peak velocity. The present
study provides reference values for the systolic and diastolic EL that can be used in future studies
examining patients with heart disease.
 2014 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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The intraventricular blood ﬂow pattern changes according to
an alteration in left ventricular (LV) function. The abnormal LV
intracavitary ﬂow acceleration due to cavity squeezing, which is
observed in patients after valve replacement for aortic stenosis, is
known to be associated with low output syndrome and high
hospital mortality [1,2]. Studies using Doppler echocardiography* Corresponding author at: Department of Pediatrics, Graduate School of
Medicine, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8655,
Japan. Tel.: +81 3 3815 5411; fax: +81 3 3816 4108.
E-mail address: taiyuhayashi@gmail.com (T. Hayashi).
http://dx.doi.org/10.1016/j.jjcc.2014.12.012
0914-5087/ 2014 Japanese College of Cardiology. Published by Elsevier Ltd. All rights[3] and magnetic resonance velocity mapping [4] showed an
increased deceleration of early diastolic transmitral ﬁlling ﬂow
toward the apex in the presence of LV diastolic dysfunction. Thus,
changes in the LV intracavitary ﬂow pattern may have clinical
relevance. However, the diagnostic utility of intraventricular
blood ﬂow analysis remains undetermined due to a lack of
standardized methods for evaluating the intraventricular blood
ﬂow pattern.
Vector ﬂow mapping (VFM) is a novel echocardiographic
technology, which enables visualization of the intraventricular
ﬂow velocity vector using color Doppler and speckle tracking
data [5,6]. The dissipative energy loss (EL)—derived from the
intraventricular ﬂow velocity vector ﬁeld—is a ﬂow dynamic
parameter that reﬂects spatial dispersion of intraventricular reserved.
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blood ﬂow in terms of EL could provide insight into LV function.
This study aimed to establish a reference value for EL within the
left ventricle in healthy children.
Methods
Subjects
We retrospectively searched our echocardiography database for
children aged 1–15 years who underwent echocardiographic
screening for a heart murmur or chest pain. The medical records
of the subjects were reviewed, and clinical data including sex, age,
body weight, height, and echocardiographic measurements were
collected. The subjects were included in the study if they had a
structurally normal heart, sinus rhythm, LV fraction shortening
(LVFS) >0.25, and body weight and height between the 3rd and
97th percentiles [7].
The institutional Ethics Committee approved our retrospective
study, and waived the requirement for written informed consent.
Echocardiographic examination
The echocardiographic examinations were performed with a
ProSound alpha-7 ultrasonography (Hitachi-Aloka Medical Co.
Ltd., Tokyo, Japan) equipped with a 5-MHz transducer according
to the standard method recommended by the American Society
of Echocardiography [8]. If required, the infants and young
children were sedated with triclofos sodium before the exami-
nation. Digitized two-dimensional color Doppler cineloop images
obtained from the apical 5-chamber view with simultaneous
electrocardiographic recording were stored in an image server,
which was available for off-line VFM analysis. The Nyquist limit
for two-dimensional color Doppler imaging was set high enough
to mitigate the aliasing phenomenon. The collected echocardio-
graphic measurements included LVFS, peak blood ﬂow velocities
at the mitral valve during early ﬁlling (E wave) and in late
diastole (A wave), E/A ratio, peak myocardial velocities at the
septal mitral annulus in early (e0) and late diastole (a0), and E/e0
ratio.
Vector ﬂow mapping analysis
Two-dimensional color Doppler cineloop images obtained
from the apical 5-chamber view were analyzed with the
commercially available VFM analysis software (Hitach-Aloka
Medical) to obtain the velocity vector ﬁelds of LV intracavitary
blood ﬂow. One cardiac cycle was selected for the analysis by
determining two consecutive QRS complexes as the beginning and
ending points. The heart rate (HR) was calculated based on the RR
interval of the cardiac cycle. The ventricular cavity-endocardial
border was manually traced on the beginning frame, and two-
dimensional speckle tracking was applied to determine the
cardiac wall motion. If the aliasing phenomenon was observed in
color Doppler data, the aliased area was manually corrected.
The software computed the velocity vector ﬁelds of the LV
intracavitary blood ﬂow based on a system developed by Itatani
et al. [5]. In brief, a two-dimensional continuity equation was
applied to the color Doppler data using speckle tracking as the
boundary conditions, and the velocity component perpendicular
to the echo beam line was obtained.
EL calculation
From the velocity vector ﬁelds of the interventricular blood
ﬂow, EL was calculated for each frame of the cineloop image. The ELis deﬁned as follows, where m indicates blood viscosity, which was
set as 0.004 Pa s [5]:
EL ¼ m
X
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A frame at which the mitral valve began to open was determined as
the beginning of diastole. The systolic and diastolic EL within the
left ventricle were calculated as the arithmetic means of the EL
during systole and diastole. The measurements were averaged over
three cardiac cycles, and indexed to body surface area (BSA).
The ﬂuid energy of blood ﬂow consists of potential energy
(generated mainly by the static pressure in a circulatory system)
and kinetic energy (generated by the dynamic pressure). Potential
energy and kinetic energy can convert with each other. Turbulent
ﬂow results in irreversible loss of the total ﬂuid energy [9]. The EL
we calculated in this study was the amount of ﬂuid energy that was
lost and dissipated as heat in the left ventricle.
Ideally, the EL should be assessed as a ratio to the total ﬂuid
energy. However, total ﬂuid energy of blood ﬂow cannot be
measured unless we know the temporal and spatial distribution of
both pressure and ﬂow velocity in the left ventricle. In this study,
the EL values were indexed to BSA so that the absolute value of EL
can be compared among the pediatric population with widely
varied body size. Potential and kinetic energies increase propor-
tionately with a mass of the blood within the left ventricle. As a
result a subject with a larger body size would have a greater total
ﬂuid energy, and hence a greater EL.
The EL is a ﬂow dynamic parameter that reﬂects spatial
dispersion of the intraventricular blood ﬂow; a greater EL is
observed with more precipitous changes in blood ﬂow velocity and
direction. Moreover, the EL represents the rate at which energy is
expended; hence, it is measured in watts (W). Since the VFM
analysis is based on two-dimensional ﬂow assumption, the EL
derived from the VFM analysis is expressed as W/m.
Fig. 1 illustrates a transition of the EL throughout one cardiac
cycle in a 9-year-old boy. At the bottom of the ﬁgure, the velocity
vector ﬁelds of LV intracavitary blood ﬂow obtained by VFM
analysis are superimposed.
Statistical analysis
The results are expressed as mean  SD. For the statistical
analysis, the EL values were logarithmically transformed. The
correlations between the EL and age, HR, and echocardiographic
measurements were evaluated by Pearson’s correlation coefﬁcient. To
determine the independent variables that correlate with the EL, a
stepwise multivariate linear regression analysis was performed using
the following variables: age, HR, LVFS, and E wave peak velocity.
Moreover, we investigated whether there was an interaction between
the independent variables by adding bilinear terms to the regression
analysis. Based on the multivariate linear regression analysis, the
regression equations for the systolic and diastolic EL were obtained. A
p-value of <0.05 was considered statistically signiﬁcant. All statistical
analyses were performed using R version 2.13.0.
Reproducibility
To assess intra-observer variability, the VFM analysis and EL
calculation were repeated in 10 randomly selected cineloop
images. The repeated analysis was performed >1 week after the
initial analysis. Furthermore, the VFM analysis of the cineloop
images was performed by a second pediatric cardiologist, and the
inter-observer variability was evaluated. The intra-observer and
inter-observer variability were evaluated as the mean percentage
error, which was an absolute difference divided by the mean of the
Fig. 1. The transition in the energy loss (EL) throughout the cardiac cycle in a 9-year-old boy. At the bottom of the ﬁgure, the velocity vector ﬁelds of left ventricular (LV)
intracavitary blood ﬂow obtained by vector ﬂow mapping analysis are superimposed. During systole, a relatively low EL is maintained because the velocity vectors are well
aligned toward the outﬂow, and less turbulence is generated in the LV. After opening of the mitral valve (arrowhead), a >10-fold increase in the EL is observed during the early
rapid ﬁlling phase, and the EL reaches its peak. A vortex caused by the early diastolic ﬁlling ﬂow results in more turbulence in the LV and the high EL. During diastasis, a rapid
reduction in the EL is observed. During late diastole, the EL increases again, following atrial contraction (open arrowhead). BSA, body surface area.
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observer variability was also performed for the systolic and
diastolic EL.
Results
Patients’ characteristics
A search of the echocardiography database identiﬁed 82 sub-
jects who met the inclusion criteria. Of the 82 patients, 18 patients
were excluded because the quality of the cineloop images was
unsatisfactory for the VFM analysis, and 64 patients (37 boys,
27 girls) were included in the study.
The demographic characteristics and echocardiographic mea-
surements of the subjects are listed by age group in Table 1. In allTable 1
Demographic characteristics and echocardiographic measurements of the study subjec
Age group 1–5 years 
Number of subjects 34 
Boys 19 (56%) 
Age (years) 3.4  1.6 
Height (cm) 93.1  13.1 
Weight (kg) 13.3  3.4 
BSA (m2) 0.58  0.12 
Heart rate (beats/min) 105.0  16.8 
LVFS 0.35  0.04 
E wave peak velocity (cm/s) 104  18 
A wave peak velocity (cm/s) 64  17 
E/A ratio 1.7  0.5 
e0 (cm/s) 11.1  1.9 
a0 (cm/s) 7.2  2.4 
E/e0 9.5  2.0 
Systolic EL (mW/m) 2.91  0.78 
Diastolic EL (mW/m) 12.53  4.71 
BSA-indexed systolic EL (mW/m/m2 BSA) 5.35  2.23 
BSA-indexed diastolic EL (mW/m/m2 BSA) 23.12  11.77 
BSA, body surface area; LVFS, left ventricular fraction shortening; EL, dissipative enesubjects, the HR was between the 1st and the 99th percentiles of
the previously published age-speciﬁc reference values [10], with a
mean HR of 94.6  19.5 beats/min. There was a negative correlation
between age and HR (r = 0.65, p < 0.0001). No signiﬁcant correla-
tion was found between age and E wave peak velocity (p = 0.16).
Systolic EL
The systolic EL within the left ventricle ranged from 0.73 to 13.4
(mean, 4.10  2.35) mW/m/m2 BSA. There was a statistically
signiﬁcant correlation between the BSA-indexed systolic EL and
age, HR, and LVFS (Table 2A). In particular, a strong negative
correlation was found by univariate analysis between the systolic EL
and age (r = 0.80, p < 0.0001), and a strong positive correlation was
found between the systolic EL and HR (r = 0.86, p < 0.0001). Thets by age group.
6–10 years 11–15 years Total
18 12 64
11 (61%) 7 (58%) 37 (58%)
8.4  1.4 13.9  1.4 6.8  4.3
127.4  9.8 153.7  8.9 114.1  26.8
26.6  6.0 41.1  6.4 22.3  11.8
0.97  0.14 1.34  0.14 0.83  0.33
88.0  14.6 75.0  13.6 94.6  19.5
0.39  0.04 0.39  0.05 0.37  0.04
99  20 95  24 101  20
52  14 50  13 58  17
2.0  0.7 2.0  0.7 1.9  0.6
11.3  2.2 12.5  1.9 11.4  2.0
5.8  1.2 6.1  1.3 6.6  2.0
8.9  1.8 7.7  1.8 9.0  2.0
3.12  1.36 2.20  1.05 2.84  1.05
10.23  2.89 6.45  2.79 10.74  4.53
3.34  1.64 1.70  0.75 4.10  2.35
10.78  3.56 4.95  2.25 16.24  11.63
rgy loss.
Table 2
Correlation between the log-transformed dissipative energy loss (EL) and other
variables.
Variables BSA-indexed systolic EL BSA-indexed diastolic EL
Correlation
coefﬁcient (r)
p Correlation
coefﬁcient (r)
p
(A) BSA-indexed EL
Age 0.80 <0.0001 0.86 <0.0001
Heart rate 0.86 <0.0001 0.69 <0.0001
LVFS 0.36 <0.01 0.27 <0.05
E wave 0.028 0.82 0.42 <0.001
e0 0.15 0.24
Variables Systolic EL Diastolic EL
Correlation
coefﬁcient (r)
p Correlation
coefﬁcient (r)
p
(B) Non-BSA-indexed EL
BSA 0.33 <0.01 0.53 <0.0001
Age 0.31 <0.05 0.55 <0.0001
Heart rate 0.67 <0.0001 0.48 <0.0001
LVFS 0.14 0.26 0.08 0.53
E wave 0.12 0.36 0.62 <0.001
e0 0.04 0.73
BSA, body surface area; EL, dissipative energy loss; LVFS, left ventricular fraction
shortening.
Fig. 2. Correlation between the systolic energy loss (EL) and age (A), and heart rate
(B). Male and female subjects are plotted as closed and open circles, respectively.
Exponential curves represent the univariate regression models of the systolic EL.
There is a strong negative correlation between systolic EL and age (r = 0.80,
p < 0.0001), and a strong positive correlation between systolic EL and heart rate
(r = 0.86, p < 0.0001). BSA, body surface area.
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versus age and HR are shown in Fig. 2. These correlations of the
systolic EL with age and HR were still signiﬁcant when the systolic
EL was not indexed to BSA (Table 2B).
On multivariate analysis, the age and HR were independent
predictors of the BSA-indexed systolic EL. The regression equation
to predict the BSA-indexed systolic EL was log10 (BSA-indexed
systolic EL) = 0.0332  0.00213  age + 0.00789  HR (residual
standard error 0.108, adjusted R2 0.833, p < 0.0001). The coefﬁ-
cient estimates and standard errors for each independent variables
and intercept are summarized in Table 3.
Diastolic EL
The BSA-indexed diastolic EL within the left ventricle ranged
from 1.57 to 55.51 (mean, 16.24  11.63) mW/m/m2 BSA. There was
a statistically signiﬁcant correlation between the BSA-indexed diastolic
EL and age, HR, LVFS, and E wave peak velocity (Table 2A). In particular,
a strong negative correlation was found by univariate analysis between
the BSA-indexed diastolic EL and age (r = 0.86, p < 0.0001), and a
strong positive correlation was found between the BSA-indexed
diastolic EL and HR (r = 0.69, p < 0.0001). Univariate linear regression
plots of the BSA-indexed diastolic EL versus age, HR, and E wave peak
velocity are shown in Fig. 3. These correlations of the diastolic EL with
age, HR, and E wave peak velocity were still signiﬁcant when the
diastolic EL was not indexed to BSA (Table 2B).Table 3
Multivariate regression equation for predicting the log-transformed dissipative energy
Variables BSA-indexed systolic EL 
Coefﬁcient Standard error p 
(Intercept) 0.0331659 0.1070510 0.75
Age 0.0021269 0.0003424 <0.00
Heart rate 0.0078944 0.0009102 <0.00
LVFS
E wave 
Residual standard error 0.108
Adjusted R2 0.833, p < 0.0001
BSA, body surface area; EL, dissipative energy loss; LVFS, left ventricular fraction shoOn multivariate analysis, age, HR, and E wave peak velocity
were independent predictors of the BSA-indexed diastolic EL. The
regression equation to predict the BSA-indexed diastolic EL
was log10 (BSA-indexed diastolic EL) = 0.277  0.00346  age +
0.00570  HR + 0.00564  E wave peak velocity (residual standard
error 0.115, adjusted R2 0.867, p < 0.0001). The coefﬁcient
estimates and standard errors for each independent variable and
intercept are summarized in Table 3.
Reproducibility
The intra-observer variability was 4.4  3.8% and 3.1  1.7% for
the systolic and diastolic EL, respectively. The inter-observer
variability was 5.6  3.3% and 5.1  2.9% for the systolic and diastolic
EL, respectively. Bland–Altman plots of the intra- and inter-observer
variability for the systolic and diastolic EL are shown in Fig. 4.
Discussion
In the present study, the EL within the left ventricle of healthy
children aged 1–15 years were calculated from the blood ﬂow
velocity vector ﬁeld generated by the VFM analysis. Our ﬁndings
revealed that both the systolic and diastolic EL had a negative
correlation with age and a positive correlation with HR. In addition,
the diastolic EL tended to be high when the E wave peak velocity
was increased. We derived the regression equations, in which the
systolic EL was predicted by age and heart rate, and the diastolic EL
was predicted by age, HR, and E wave peak velocity. Although the
clinical implications of the EL within the LV in the assessment of loss (EL).
BSA-indexed diastolic EL
Coefﬁcient Standard error p
8 0.2772637 0.1628446 0.0938
01 0.0034558 0.0003870 <0.0001
01 0.0057041 0.0010168 <0.0001
0.0056381 0.0007815 <0.0001
Residual standard error 0.115
Adjusted R2 0.867, p < 0.0001
rtening.
Fig. 3. Correlation between diastolic energy loss (EL) and age (A), heart rate (B), and E wave peak velocity (C). Male and female subjects are plotted as closed and open circles,
respectively. Exponential curves represent the univariate regression models of the diastolic EL. There is a strong negative correlation between diastolic EL and age (r = 0.86,
p < 0.0001), and a strong positive correlation between diastolic EL and heart rate (r = 0.69, p < 0.0001). In addition, diastolic EL is positively correlated with the E wave peak
velocity (r = 0.42, p < 0.001). BSA, body surface area.
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values for the systolic and diastolic EL that can be used in future
studies on patients with heart disease.
Recently, the concept of EL has been increasingly applied in
cardiovascular medicine. Itatani et al. determined that the
presence of recoarctation and an acute arch angle increased the
cardiac afterload after a Norwood procedure by comparing the EL
in reconstructed arches among several aortic arch reconstruction
techniques using patient-speciﬁc computational ﬂuid dynamic
models [11]. The EL was used to evaluate the impact of a
complicated turbulent ﬂow generated in the reconstructed arch
after a Norwood procedure. Garcia et al. proposed a new
echocardiographic index of aortic valve stenosis severity based
on EL concept (EL index), and the prognostic value of this index in
patients with asymptomatic aortic stenosis has been proven in aFig. 4. Bland–Altman plot of the intra- and inter-observer variability. (A) The systolic 
diastolic EL intra-observer variability. (D) The diastolic EL inter-observer variability. ELprospective study [9,12]. The EL index was derived to precisely
reﬂect the EL of the blood ﬂow due to the turbulence generated by
aortic stenosis. Thus, the EL is a useful indicator of the efﬁciency of
blood ﬂow; hence, it is considered to reﬂect the superﬂuous cardiac
afterload caused by turbulent ﬂow.
The VFM enables visualization of the intraventricular ﬂow
velocity vector using color Doppler and speckle tracking data
[5,6]. The EL can be computed from the intraventricular ﬂow
velocity vector ﬁeld [5]. The EL within the left ventricle reﬂects the
spatial dispersion of the intraventricular blood ﬂow, and indicates
the efﬁciency of the intraventricular ﬂow. Since the intraventricu-
lar blood ﬂow pattern changes according to an alteration in the LV
function [1–4], the EL within the left ventricle would also correlate
with the LV function. In this study, as an initial step toward
understanding the clinical implications of EL within the leftEL intra-observer variability. (B) The systolic EL inter-observer variability. (C) The
, energy loss; BSA, body surface area.
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normal hearts, and investigated the effects of age, HR, and other
echocardiographic measurements on the EL value.
Systolic EL
Our study demonstrated that the systolic EL had a negative
correlation with age and a positive correlation with HR. Age and HR
were strong predictors of systolic EL, accounting for 83.3% of the
total variance. Although a correlation also existed between age and
HR, the multivariate analysis showed that both were independent
predictors of systolic EL, and no signiﬁcant interaction effect was
detected between age and HR.
The strong correlation of systolic EL with age and HR can be
explained by cardiovascular physiology. As shown in previous
reports on the relationship of the mean LV circumferential
shortening and end-systolic wall stress [13,14], younger children
have a higher level of cardiac contractility; thus, age-related changes
in the systolic EL may be attributed to developmental alterations
in cardiac contractility. In addition, myocardial contractility is
enhanced by an increase in HR [15], which is known as the force–
frequency effect; thus, the effect of HR on systolic EL may be
attributed to the force–frequency effect. As a result, those with a
younger age or faster HR have increased cardiac contractility, which
generates more turbulence in the left ventricle and leads to
increased dissipation of the ﬂow energy during systole.
Diastolic EL
Our study showed that diastolic EL had a negative correlation
with age and a positive correlation with HR. In addition, the
diastolic EL had a positive correlation with E wave peak velocity.
Age, HR, and E wave peak velocity were strong independent
predictors of diastolic EL, accounting for 86.7% of the total variance.
Moreover, although a correlation existed between age and HR,
the multivariate analysis showed that both were independent
predictors of systolic EL, and no signiﬁcant interaction was
detected between age and HR.
The correlation of diastolic EL with age and HR appears
reasonable considering that an overly contractive heart in younger
patients or those with a faster HR leads to more turbulence in the
left ventricle—not only during systole, but also during diastole—
resulting in the higher diastolic EL.
The positive correlation between diastolic EL and E wave
peak velocity might represent the inﬂuence of the preload on
diastolic EL. The impact of the preload alteration on transmitral
ﬁlling ﬂow has been previously established [16]; a decrease in the
preload leads to reduced E wave velocity. As a result, those with a
higher E wave peak velocity would have a higher LV ﬁlling
pressure, which might generate more turbulence in the left
ventricle and lead to increased dissipation of the ﬂow energy
during diastolic ﬁlling.
The predictive equation of the diastolic EL should be used with
caution because it includes the E wave peak velocity as an
explanatory variable. Although we attributed the variation in the E
wave peak velocity among our study subjects to differences in the
LV preload, the subjects’ volume status was not standardized in
this retrospective study. Furthermore, the E wave peak velocity
might also be affected by the isovolumetric relaxation rate
[17]. Although we did not evaluate isovolumetric relaxation, no
study subjects had noticeable LV diastolic dysfunction, and the
diastolic parameters such as E wave peak velocity, E/A ratio, e0, and
E/e0 were comparable to the previously published normative
values in children [18]. Further studies including patients with LV
diastolic dysfunction are required to establish the clinical
applicability of the diastolic EL.Study limitations
Although the correlations of EL with age, HR, and other
echocardiographic measurements were determined, and the
regression equations with reasonable predictive ability of the
systolic and diastolic EL were derived in this study, the small
number of subjects was inadequate to determine the cut-off value
of the EL within left ventricle. It is suggested that >120 subjects per
age group must be evaluated to determine the 97.5th percentile of
a measurement [18]. In addition, the small sample size made it
difﬁcult for us to consider the possible effects of sex on the systolic
and diastolic EL in this study.
The reference values for the systolic and diastolic EL might be
inapplicable for patients under exercise stress because echocardio-
graphic examination was performed at rest in all of our subjects.
A deductive approach based on the deﬁnitional equation of
the EL might be more appropriate than a statistical regression
analysis to develop the predictive equation of the EL based
on several hemodynamic properties. By deﬁnition, the EL is
proportional to the sum of the squared spatial differential of
the velocity vectors within the left ventricle. Theoretically, if the
volume of intraventricular ﬂow doubles and a twofold increase in
the volume of the ﬂow vector occurs universally in the ventricle,
the EL would demonstrate a fourfold increase. A theoretical
model for predicting EL may appear superior to the assumption of
a linear relationship based on a statistical regression model.
However, the actual intraventricular blood ﬂow would be more
complex; the doubling of the ﬂow velocity might lead to changes
from a laminar ﬂow to turbulent ﬂow, and generate more than a
fourfold increase in the EL. In addition, it is difﬁcult to estimate
how the LV intracavitary blood ﬂow vectors are inﬂuenced by a
change in the HR and E wave peak velocity. The impact of age-
related changes on the intracavitary blood ﬂow is even more
difﬁcult to quantify. Therefore, we have adopted an inductive
approach using statistical analysis to identify the main determi-
nants of EL. Further investigations with computational ﬂuid
dynamics simulation or particle imaging velocimetry would
advance our understanding of the mechanism explaining the
effects of age, HR, and E wave peak velocity on LV intracavitary
ﬂow and the EL values.
The limitations inherent in the VFM analysis should also be
addressed. First, the temporal resolution of the VFM analysis is
dependent on the image refresh rate of the two-dimensional color
Doppler echocardiography. In this study, the image refresh rate
was adjusted in the range of 16–44 Hz according to HR. The color
Doppler cineloops obtained from the apical 5-chamber view in our
subjects consisted of 12–34 frames per cardiac cycle, which might
be unsuitable to assess the peak EL during systole and diastole. We
calculated the arithmetic means of the EL during systole and
diastole, which were less inﬂuenced by the low image refresh rate.
In addition, the arithmetic means of the EL during diastole might
better reﬂect LV diastolic function, as exempliﬁed in a patient with
diastolic dysfunction who had high EL levels during a whole
diastole (Fig. 5). Second, in the VFM analysis, the velocity
component perpendicular to an observational plane was not
considered, and the EL would change according to the cross-
section adopted for the analysis. If the observational plane is not
aligned parallel to the direction of the blood ﬂow, the VFM analysis
will underestimate the velocity vector and EL. To avoid underesti-
mation of the EL, we adopted an apical 5-chamber view for
the analysis, which allows an alignment almost parallel to the
direction of both the inﬂow and outﬂow of the left ventricle. Third,
the Nyquist limit of the two-dimensional color Doppler imaging
would affect the EL values. In this study, the Nyquist limit was
adjusted in the range of 0.61–0.99 m/s according to peak velocity
of LV intracavitary ﬂow so as to mitigate the aliasing phenomenon.
Fig. 5. (A) The transition in the energy loss (EL) throughout the cardiac cycle in a 5.4-year-old girl with a coarctation of the aorta. At the bottom of the ﬁgure, the velocity vector
ﬁelds of left ventricular (LV) intracavitary blood ﬂow obtained by vector ﬂow mapping analysis are superimposed. She had an increased heart rate of 111 beats/min, and
diastolic transmitral ﬁlling ﬂow pattern showed fusion of the E and A waves. The atrial contraction began in the middle of the rapid reduction of the EL during early rapid
ﬁlling, and the EL did not reach the nadir. The diastolic EL was 48.3 mW/m/m2 BSA, while the reference value was 33.0 mW/m/m2 BSA and z-value was +1.44 based on the
regression equation for diastolic EL. (B) An M-mode recording of parasternal long-axis view of the LV showed the mildly hypertrophic LV wall (the interventricular septal
diastolic thickness 9 mm, z = +2.7). (C and D) Doppler echocardiography showed LV diastolic dysfunction with E/A ratio of 1.3 and E/e0 ratio of 14. BSA, body surface area.
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EL might be underestimated.
Clinical application of the EL calculation
As an illustrative case of the clinical application of the EL
calculation, we demonstrated the transition in the EL throughout
the cardiac cycle in a 5.4-year-old girl with a coarctation of the
aorta (Fig. 5). This patient had an untreated coarctation of the
aorta, and cardiac catheterization showed a peak pressure gradient
of 32 mmHg. LV wall was mildly hypertrophic, and Doppler
echocardiography showed LV diastolic dysfunction with E/A ratio
of 1.3 and E/e0 ratio of 14. The diastolic EL was 48.3 mW/m/m2 BSA,
while the reference value was 33.0 mW/m/m2 BSA and z-value was
+1.44 based on the aforementioned regression equation for
diastolic EL. We speculated that strong turbulent ﬂow might be
generated in the hypertrophic, less compliant LV during diastole,
which result in elevated diastolic EL. On the other hand, in patients
with impaired LV systolic function, both the systolic and diastolic
EL would decrease in accordance with the decrease in the total
ﬂuid energy of blood ﬂow. Thus, our current hypothesis is that
diastolic EL would be useful in assessing patients with LV diastolic
dysfunction and preserved LV systolic function.
Systolic EL might be less productive because the conventional
echocardiographic parameters such as ejection fraction and
myocardial strain well describe LV systolic function [19]. However,
the clariﬁcation of correlations between systolic EL and HR and age
should serve to delineate the physiological implications of the EL
values.
Conclusions
In conclusion, the systolic and diastolic EL were positively
correlated with the HR and negatively correlated with the age.
Moreover, the diastolic EL was positively correlated with the E
wave peak velocity. We have derived the regression equations, in
which the systolic EL was predicted by the age and HR, and the
diastolic EL was predicted by the age, HR, and E wave peak velocity.
Although the clinical implications of the EL within the LV in the
assessment of cardiac function are currently unclear, the present
study provides the reference values for the systolic and diastolic ELthat can be used in future studies examining patients with heart
disease.
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